Background: Recent years have seen increasing use of rituximab (RTX) for various types of primary and secondary glomerulopathies. However, there are no studies that specifically address the risk of infection related to this agent in patients with these conditions.
Introduction
Autoimmune glomerulonephritis can occur either as a primary disorder or as part of a systemic disease, such as systemic lupus erythematosus (SLE) or anti-neutrophil cytoplasmic antibodies (ANCA)-associated vasculitis (AAV). A variety of immunosuppressive treatments have been used in these diseases in order to control autoimmune response and to prevent progression to end-stage renal disease (ESRD). For many years, standard therapy has relied predominantly on corticosteroids, cytotoxic agents and antiproliferative drugs. More recently, studies in experimental models as well as advances in human pathology have highlighted the pivotal role of B cells in autoimmune disease that in turn has led to modern biotherapies that directly target B cell populations [1] .
Rituximab (RTX) is a murine/human chimeric anti-CD20 monoclonal antibody that depletes B cells and was initially approved for the treatment of non-Hodgkin's lymphoma. Subsequent studies using RTX as an immunosuppressive agent have resulted in extending its indications to include treatment of some non-hematologic diseases. Although RTX has been approved by regulatory agencies only for the treatment of lymphoproliferative disease, rheumatoid arthritis and AAV [2] [3] [4] [5] [6] , this drug has been shown to be useful in a large spectrum of autoimmune conditions. Off-label use of RTX has been extended to treatment of several kidney diseases, whether antibodymediated or not, including membranous nephropathy [7] [8] [9] , cryoglobulinemic membranoproliferative glomerulonephritis (MPGN) [10] , lupus nephritis [11] [12] [13] , minimal change disease [14, 15] and focal segmental glomerulosclerosis (FSGS) [16, 17] . RTX is also used in renal transplantation as part of induction treatment [18] , desensitization of immunized patients [19, 20] and treatment of acute humoral rejection [21, 22] .
As is the case for all other immunosuppressive agents, RTX increases the risk of infectious complications. Estimates of the infectious complication rate after RTX administration range from 1.9 to 5.6 per 100 patient-years for patients with rheumatoid arthritis [23] [24] [25] [26] , from 6.6 to 16.6 per 100 patient-years for patients with SLE [11, 27, 28 ] and 14.1 per 100 patient-years for patients with cryoglobulinemia [10] . After kidney transplantation, patients receiving RTX in addition to their standard immunosuppressive regimen have a significantly higher infectious complication rate, estimated at approximately 50% [29, 30] . Previous studies have revealed that the infection risk depends not only on the indication for RTX treatment, but also on the burden of the overall immunosuppressive therapy. Given the increasing use of RTX in nephrology, this study was designed to describe the infectious complications after RTX in this specific population, to consider the potential risk factors for infection after RTX and to determine the outcomes of these patients.
Materials and methods

Patients
We included in this retrospective study all adult patients who received RTX between June 2000 and October 2011 in eight French nephrology departments for the treatment of an underlying renal disease. RTX was administrated according to the local protocol. We excluded renal transplant recipients and patients who had received concomitant treatment with high-dose cytotoxic drugs [i. e. a cumulative dose of cyclophosphamide (CYC) > 3 g] given for hematological malignancy.
Outcome
We reviewed all patient files from the time of first RTX infusion through the last available information. We collected data regarding patient baseline demographic characteristics, indications for RTX, RTX treatment regimens and severe infectious episodes. Taking into account the long duration of action of RTX, we retrieved events that occurred within the 12-month period following an infusion of RTX (initial treatment or re-treatment). Other immunosuppressive treatments received prior to RTX or within the 12 months following an RTX infusion were also retrieved. Severe infection was defined as an infection that required hospitalization and/or intravenous antibiotics and/or resulted in death. We also specifically retrieved opportunistic infections defined according to the Centers for Disease Control and Prevention classification system for HIV infection and the revised case definition for AIDS [31] . Laboratory results were collected at baseline (before RTX infusion) and at 3, 6 and 12 months after treatment initiation and then every 12 months until the last follow-up. Nephrotic syndrome was defined as a serum albumin concentration <30 g/L associated with proteinuria >3 g/24 h. Renal function was evaluated using the estimated glomerular filtration rate (eGFR) calculated according to the Modification of Diet in Renal Disease (MDRD) four-variable formula. Leucopenia was graded in accordance with the Common Terminology Criteria for Adverse Events v3.0: grade 1, total white blood (WBC) count ≥3000-<4000/mm 3 ; grade 2, ≥2000-<3000/mm 3 ; grade 3, ≥1000-<2000/mm 3 ; grade 4 <1000/ mm 3 . 
Statistical analysis
Results
Patient characteristics
The study included 98 patients who received RTX between June 2000 and October 2011. The main indications for RTX therapy were MPGN (mainly cryoglobulinemia-associated nephropathy), membranous nephropathy, lupus nephritis and AAV (Table 1) . We analysed the patient demographic characteristics at the time of the first RTX infusion ( 
Treatment characteristics
In most cases, RTX was used in conjunction with other immunosuppressive drugs. The details concerning the immunosuppressive regimens given before and after RTX administration are summarized in Table 1 .
Prior to RTX treatment, 69 patients (70.4%) had received corticosteroids. Sixty-two patients (63.3%) had previously received other immunosuppressive agents, either alone or in combination. Previous immunosuppression included CYC in 36 patients (36.7%), mycophenolate mofetil (MMF) in 32 (32.7%), CNI in 16 (16.3%) and AZA in 8 (8.3%).
Other therapies were frequently administered during or after RTX infusion. These immunosuppressive regimens most often included steroids (69.4%). Plasmapheresis was used in 19 patients (19.4%) and purine inhibitors (MMF or AZA) were administered to 28 patients (28.6%), including 4 patients who received both AZA and MMF during follow-up. CNIs were used in 12 patients (12.2%) ( Table 1) .
Most patients received four weekly RTX infusions of 375 mg/ m 2 (n = 58) as their initial protocol. The median cumulative RTX dose was 2800 mg (IQR 2000-3562). Of note, 37 patients received one or more RTX reinfusions several months after the initial protocol. Therefore, the total number of infusions varied greatly among the study population, ranging from 1 to 12 infusions, with a median of 4. In regard to the use of preventive treatment for infection, 35 patients received trimethoprim-sulfamethoxazole prophylaxis for Pneumocystis jiroveci infection, including 18 who had received CYC prior to RTX. Fifteen received primary prophylaxis with intravenous immunoglobulin because of severe hypogammaglobulinemia and one patient had been given tuberculosis prophylaxis including rifampicin and isoniazid.
Patient survival
Five patients died within the year following RTX injection, yielding a mortality rate of 3.7 per 100 patient-years. Three patients died due to an infection, one patient died of neoplasia ( pancreatic adenocarcinoma discovered 4 months after the first RTX infusion) and one suffered sudden death. The specific fatal infections were pneumonia, candida septicaemia and cellulitis with septic shock.
Death occurred after a median interval of 4.0 months (IQR 1.6-7.2) after the last RTX administration. Of note, the patients who died were significantly older than those who survived the year following RTX infusion (mean age 80.7 ± 3.0 years versus 47.5 ± 18.4; P = 0.0003). 
Infectious complications
Overall, 33 infectious episodes were noted in 25 patients, resulting in an infection rate of 21.6 per 100 patient-years. Nineteen patients experienced only one infection and six patients had at least two infectious episodes. The median interval between the first RTX infusion and the first infectious episode was 4.6 months (IQR 1.6-9.4). The median interval between the last RTX infusion and the first subsequent infectious episode was 2.1 months (IQR 0.5-5.1). For the whole group, infection-free survival at 12 months was 79.5% after the initiation of RTX and 75.1% after the last RTX infusion.
The spectrum of infectious complications in the 25 patients is depicted in Figure 1 . Most infections were of bacterial origin (79%). Pneumonia (n = 9), acute pyelonephritis (n = 5) and cellulitis (n = 4) were the most frequent types of bacterial infection. We observed five viral infections: one case of febrile cytomegalovirus (CMV) viremia without any organ involvement and four cases of non-complicated herpes simplex virus (HSV) or varicellazoster virus (VZV) infections. Fungal infections included one case each of pulmonary aspergillosis and invasive candidiasis. No case of pneumocystosis was noted, even though only 35 patients received routine trimethoprim-sulfamethoxazole-based prophylaxis.
White blood cell counts at 3 and 6 months were available for 89 and 88 patients of our cohort, respectively. Among them, 8 patients were leucopenic (defined as WBC <4000/mm 3 ) at month 3 and 12 patients at month 6. In most cases, leucopenia was mild to moderate (grade 1 or 2). Only one patient each had grade 3 or grade 4 leucopenia, both occurring at 6 months. Of note, none of the patients with severe leucopenia presented with an infectious complication during this period. Among the 9 patients who received CYC in the 3-month period before RTX administration, none were leucopenic at RTX initiation or at 3 months after RTX initiation.
Follow-up beyond the initial 12-month period
Because of the long duration of action of RTX, we extended our observations to include all severe infections after RTX administration regardless of the time interval after the infusion. The median duration of this follow-up was 24 months (IQR 12-36) after the first RTX infusion and 11.7 months (IQR 7.5-23.5) after the last one. After extending the follow-up period beyond the initial 12 months following RTX infusion, we retrieved eight new infectious episodes in six patients, including three patients who had not experienced infectious complications during the year immediately following the last RTX administration. Importantly, those with infections identified after the extension of the observation period included two patients who presented with mycobacterial infection at 24 and 28 months, respectively, after the last RTX infusion. In one case the patient experienced tuberculosis lymphadenitis, while in the other the clinical localization was a subcutaneous cellulitis secondary to mycobacterium avium infection. Of note, these two patients did not receive any additional immunosuppressive treatment beyond RTX except for some steroids in one case, with concomitant steroid dosage that was <5 mg/day of prednisone at the time of infection. Notably in both cases, the CD19 population remained low (<20/mm 3 ) 2 years after the last RTX course. For the four other patients, their infections included three episodes of pneumonia, two episodes of septic shock (including one episode leading to death) and one case of cellulitis ( Table 2 ). Most patients (five of six) who presented an infection beyond the initial 12 months following RTX had been treated for MPGN.
Risk factors for death and/or infection
By bivariate analysis (Table 3) , the presence of diabetes mellitus, either pre-existing or related to the immunosuppressive treatment, was significantly associated with occurrence of the combined end point (infection or death). Initial renal dysfunction determined by eGFR (MDRD) was also associated with a higher risk of subsequent infection. The presence of nephrotic syndrome, initial serum albumin level or proteinuria was not predictive of subsequent infection. Patient age tended towards a significantly increased risk of infection; sex and body mass index at RTX initiation were not associated with a higher risk of infection. Even though we found no statistical association of any specific glomerular disease with the outcome by bivariate analysis, patients with MPGN tended to have a higher infection rate when compared with other nephropathies (Table 3 ). The burden of immunosuppression contributed significantly to the risk of infection in our cohort. The total dose of RTX was significantly higher in patients who reached the combined end point. Our study did not reveal an increased risk for those patients receiving RTX and either long-term corticosteroid therapy or another immunosuppressive agent simultaneously (Table 3 ).
Data concerning gamma globulin level and CD19 + cell counts were available for 58 and 68 patients of our cohort, respectively. Neither the total gamma globulin level nor B cell depletion were statistically associated with the risk of reaching the composite end point. Multiple logistic regression analysis was performed including all parameters that were associated (P < 0.2) with the infection risk in bivariate tests (age, diabetes, RTX dose, initial serum creatinine, AZA use, CNI use, plasmapheresis use, steroid use), except gamma globulin due to missing data. These analyses showed that diabetes, AZA use and total RTX dose remained statistically associated with the risk of reaching the composite end point in our population (Table 4) .
A Kaplan-Meier survival analysis for the combined end point of death and/or infection was performed after grouping the patients according to their initial eGFR. A threshold of 45 mL/min/ 1.73 m 2 , corresponding to the median value of initial eGFR in our cohort, clearly divided the patients into two groups. The higher eGFR group had better event-free survival, as illustrated in Figure 2 . Of note, the RTX cumulative dose was higher in the (Tables 3  and 4) .
Discussion
In the present study, we showed that the overall incidence of severe infectious complications after RTX treatment in a population with glomerular disease was especially high and reached 21.6 per 100 patient-years. Compared with other published study populations without overt renal disease, this incidence is significantly higher than has been reported in SLE (6.6 per 100 patient-years to 9.5%) [27, 28] or rheumatoid arthritis (1.9-5.6 per 100 patient-years) [23] [24] [25] [26] . Higher infection rates have been observed for autoimmune diseases with renal involvement, as in the examples of lupus nephritis (16.1 per 100 patient-years) [11] , cryoglobulinemic vasculitis (14.1 per 100 patient-years) [10] and AAV (18-36%) [3, 5, 32] .
Our results identify the severity of renal dysfunction as a risk factor for severe infectious events by bivariate analysis and it remains borderline significant by multivariate analysis (P = 0.05). The eGFR cut-off value of 45 mL/min/1.73 m 2 used in the Kaplan-Meier analysis is the median eGFR value in our cohort, matching with the stage 3a-3b threshold according to the Kidney Disease Outcomes Quality Initiative chronic kidney disease (CKD) classification. These data are consistent with results of previous studies in RTX-treated patients showing that worse renal function may be associated with a higher risk of infection [10, 30] . According to the literature, RTX pharmacokinetics are not modified by kidney failure [33] . However, CKD is known to cause defects in innate and adaptive immunity for both T cell-and B cellmediated responses [34, 35] . This effect of CKD could be additive to the risk of infection induced by RTX-induced B cell depletion. Of note, neither the specific glomerular disease nor the presence of nephrotic syndrome was associated with a significantly increased risk of infection and/or death. Another risk factor we show for the development of infection is the presence of prior or new-onset diabetes mellitus. This is in accordance with the findings from Kamar et al. [29] in a renal transplant recipient population and Heusele et al. [36] in a population of patients with autoimmune diseases. One possible explanation for the higher incidence of infectious complications in our cohort compared with other studies might be the combination of RTX with other immunosuppressive therapies. Of note, 69.4% of our patients were on corticosteroid therapy in association with RTX treatment and 41.8% received another immunosuppressive drug during follow-up. In contrast, a remarkably safe profile of RTX monotherapy has been shown in membranous nephropathy [8, 9] or idiopathic nephrotic syndrome [37] . We found an association for an increased infection risk with AZA use that remained significant in multivariate analysis. Nevertheless, the number of patients was very small, with only six patients taking some AZA in combination with RTX and most of them (four of six patients) receiving other immunosuppressive treatments, such as MMF. We did not find any significant associations for administration of other immunosuppressive treatments used before or after RTX administration, except for NA, not available.
AZA. However, we did not retrieve the cumulative dose of each immunosuppressive treatment. This point could be a limitation of our study, considering that in some studies steroid dosage has been identified as a risk factor for severe infection whereas steroid use per se was not associated with a higher risk of infection [26] .
Another potential explanation for the high risk of infection seen in our population could be hypogammaglobulinemia. Hypogammaglobulinemia is frequently seen in nephrotic syndrome, even before the introduction of immunosuppression, but it is also a known side effect of RTX. Even though the link between hypoglobulinemia and infection risk after RTX [38] is not found consistently, several studies have identified it as a risk factor for infectious complication [10, 26, 36, 39] . In our study with limited data on gamma globulin levels, the association between the gamma globulin level and the outcome did not reach significance. Indeed, some data were missing and neither immunoglobulin G levels nor complement values were available to refine our analysis. Moreover, most of the 25 patients in our cohort with MPGN were cryoglobulinemic, a condition that can 
lead to functional hypogammaglobulinemia even if the gamma globulin level is preserved. Also, 15 patients in our study received prophylactic intravenous immunoglobulin infusion for hypogammaglobulinemia, possibly masking the relationship between gamma globulin level and infection risk due to a preventive effect as suggested by Roberts et al. [40] . Of note, anti-infectious prophylaxis with polyvalent immunoglobulin is actually recommended only for hypogammaglobulinemic patients suffering from recurrent infectious complications. Therefore, prospective studies are needed before suggesting their systematic use as primary prevention for patients with RTX-induced hypogammaglobulinemia. Finally, we observed that patients who died or presented with an infectious complication in this cohort had received a higher cumulative dose of RTX than those who did not reach these end points. Despite a very low odds ratio (OR) [1.0005 (95% CI 1.0001-1.0009)], the RTX dose remained significant by multivariate analysis (P = 0.01) and thus could have a clinical impact for the highest cumulative doses (up to 8000 mg in our cohort). Although it seems that a single course of RTX is possibly sufficient in specific indications (e.g. membranous nephropathy [9] ), other diseases seem to require repeated infusions in order to avoid relapse (e.g. AAV [41] ). Preliminary data, such as those published in the context of membranous nephropathy, suggest that when RTX is given as a single-course treatment without any other immunosuppressive agents, infectious side effects are extremely rare [9] . Due to the large variety of protocols for RTX maintenance therapy in our cohort, we cannot address a specific risk according to the reinfusion protocol. Further studies are needed to quantify the precise risk for follow-up doses of RTX. Moreover, some patients develop a very prolonged CD19 depletion after RTX infusion [42, 43] . In our cohort, we did not define any significant risks due to cytopenia or prolonged CD19 depletion. However, our observation of two late mycobacterial infections emphasizes the infection risk in those patients with prolonged effects of RTX. Interestingly, most of the patients who presented with a late infectious complication had MPGN. The follow-up over 12 months in our cohort is too heterogeneous to draw any specific conclusions. However this observation could point out a long-term risk for these patients that has not been shown before, as most studies identified infections only during the 6-to 12-month period following RTX treatment.
A very large majority of the reported infections were bacterial and these were mostly pneumonia. Our study does not include data regarding vaccination, but the frequency of bacterial pneumonia diagnosis suggests that Streptococcus pneumonia and Haemophilus influenzae vaccinations should be proposed for every renal patient prior to RTX use. Of interest, Heusele et al. [36] found a lower incidence of infection after RTX treatment in patients with a history of prior pneumococcal vaccination.
On the other hand, a number of our patients presented with rare opportunistic infections, such as invasive candidiasis, aspergillosis or CMV infection. This observation underlines the potential role of B cells not only in classical antibody-mediated protection against encapsulated bacteria, but also in defence against other opportunistic agents thought to be controlled by innate or T cell cytotoxic immune response. Our study is not sufficiently powered to support specific guidelines, however, antifungal prophylaxis might be considered as a recommended treatment in AAV cases treated with RTX [44] . Of note, we did not observe any hepatitis B reactivations in our series, even though many case reports and an alert from the US Food and Drug Administration have acknowledged the potential risk in RTX-treated patients [45, 46] . No case of pneumocystosis was observed in this study, although only a small proportion of our patients (35%) received a cotrimoxazole-based prophylaxis. Rare cases of pneumocystosis have been reported in some series of patients following RTX therapy [47, 48] . No patient presented with progressive multifocal leukoencephalopathy (PML), even though rare cases have been previously described after RTX infusion for SLE, rheumatoid arthritis or immune thrombocytopenia [49, 50] .
Our study has several limitations, such as its retrospective design, missing data for some biologic parameters such as WBC or immunoglobulin level and the heterogeneity of underlying diseases and treatment protocols. Importantly, the absence of a control cohort in our study strongly limits analysis of the role pf RTX in the assessment of infection risk. Nevertheless, our findings underline the need for more prospective, controlled trials to investigate the efficacy and tolerance of RTX in this specific population. This study, conducted in multiple reference nephrology centres, reflects the 'pragmatic' use of RTX and has defined some points that should be explored in future studies.
In summary, the risk of infection after RTX therapy must be considered among patients with nephropathy, especially in those with diabetes and renal failure. Concomitant use of AZA may increase this risk and further studies are needed to clarify these results. Clinicians should be attentive to prophylaxis ( pneumococcal and haemophilus vaccination; hepatitis B virus immunization; pneumocystis prophylaxis, especially in AAV; intravenous immunoglobulin in symptomatic hypogammaglobulinemia) as highlighted in recent guidelines for AAV [44, 51] .
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